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ABSTRACT 
aoa/5- 

A nonf lamuable, composite, insulation material was developed for 
protecting the base of the booster stage of the S A T "  launch vehicle. 
The system consists of an unfired, highly reflective, inorganic in- 
sulating coating. The coating, designated as M-31, is prepared from 
fibrous potassium titanate, asbestos fibers, and colloidal silica. It 
has good thermal shock and erosion resistance and excellent moisture 
resistance. The material development is described, and selected thermal, 
optical, and mechanical properties of the coating are reported. 
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DEVELOPMENT OF A HIGHLY REFLECTIVE 
UNFIRED CERAMIC THERMAL INSULATION 

by Vaughn F. Se i t z inge r  

SUMMARY 

A nonflammable, composite, i n su la t ion  material w a s  developed f o r  
p r o t e c t i n g  the  base of t h e  booster  s t a g e  of  t h e  SATURN launch v e h i c l e .  
The system c o n s i s t s  of  an u n f i r e d ,  highly r e f l e c t i v e ,  inorganic  
i n s u l a t i n g  coat ing.  The coa t ing ,  designated as M-31, i s  prepared 
from f i b r o u s  potassium t i t a n a t e ,  asbestos f i b e r s ,  and c o l l o i d a l  
s i l i c a .  It has good thermal shock and erosion r e s i s t a n c e  and 
e x c e l l e n t  moisture  r e s i s t a n c e .  The ma te r i a l  development i s  des- 
c r i b e d ,  and s e l e c t e d  thermal,  o p t i c a l ,  and mechanical p rope r t i e s  
of  t h e  coat ing are reported.  
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The development of an insulation material for the SATURN base had 
three primary objectives. 
capable of providing thermal protection of structural members of the 

15OoC (3000F). Second, it must be non-burning,since, for a portion of the 
vehicle flight time, convective cooling of the base resulted if the air 
scooped into the base was not passed through flames caused by burning of 
.the insulation. Finally, it must be easily applied and air cured since 
many areas can be protected only after the vehicle is assembled. 
curing of components assembled on the vehicle cannot be accomplished 
because of size and because other components in the vehicle cannot stand 
exposure to the temperatures normally associated with thermosetting 
materials. 

First, it was mandatory that the material be 

I vehicle; maximum temperature limitation affixed to these members was 

Oven 

One method of protecting a metal substructure from radiant energy 
is to apply a coating that will block infrared radiation by diffuse re- 
flectance. Such coatings must be prepared from a material that contains 
particles having a high refractive index. The size of these particles 
must adhere to discrete dimensional limitations. Some pigments have these 
properties; however, it is difficult to prepare thick coatings from them. 
Therefore, it was necessary to use a fibrous material as the opacifier. 
After considerable investigation of many materials, fibrous potassium 
titanate, available commercially under the trade name "Tipersul"::, was 
determined to have many of the required properties. Therefore, this 
material was selected as the primary ingredient of the desired insulation 
material. 

* "Tipersul" - Trade name of E. I. duPont deNemours Inc., Wilmington 98, 
Delaware 
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INTRODUCTION (CONT.) 

Binders considered for preparing coatings with low curing temperatllres 
included the sodium silicates, monoaluminum phosphate, "Baymal'* colloidal 
alumina, and colloidal silica. The sodium silicates lacked refractoriness 
and had to be cured at undesirable temperatures. Although the monoaluminum 
phosphate was an excellent bonding agent, it attacked the steel substructure 
rather vigorously. 
Exploratory work indicated that colloidal silica provided a satisfactory 
bond for "Tipersul" when cured at a temperature as low as 82OC (180OF). 
Therefore, it was selected as the binder for "Tipersul." 

Colloidal alumina did not provide a suitable bond. 

To utilize the capabilities of "Tipersul" as a thermal insulation 
for metal structures, .it was necessary to develop techniques by which a 
continuous coating of this material could be applied easily and economically. 
Since a thick coating of the material is required (up to one-half inch in 
thickness), application by trowelling onto the substructure offered some 
advantages. Development of this type of coating necessitated investigation 
of such contributing factors as, (1) the bonding characteristics of various 
binders, (2) the forms of "Tipersul" most suitable for the desired application, 
(3) the effect of other inorganic fibers on the strength of the coating, 
and ( 4 )  the type of mechanical device required for adhesion purposes. 

I '  

Since the primary mechanism of insulation employed by a coating for 
radiant heating involves the utilization of the optical properties of the 
materials employed, the development of a coating which would protect these 
properties during handling and assembly of the components was undertaken. 
In addition to providing protection of the optical properties of the in- 
sulation, the protective coating could not be permitted to adversely 
affect these properties of the material during or after its removal. 
Theoretically, a protective coating which would be destroyed quickly by 
the application of small quantities of heat, and which would leave no 
residue, would be optimum for this application. Efforts toward the 
development of such a coating were successful. 
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* "Baymal" - Trade name-of E. I. duPont deNemours Inc., Wilmington 98, 
Delaware. 
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EXPERIMENTAL PROGRAM 

Select ion of Mate r i a l s  

1. Opac i f i e r  and F i l l e r  

Two forms of "Tipersul" f i b r o u s  potassium t i t a n a t e ,  block and 
loose f i b e r s ,  were evaluated as o p a c i f i e r  and f i l l e r  f o r  t h e  coat ing.  
The block form con ta ins  approximately 10% "Refrasil"* f i b e r s .  The 
"loose f i b e r s  form" does no t  con ta in  any o the r  inorganic  f i b e r s .  Table I, 
taken frcm re fe rence  1, l i s t s  t h e  f i b e r  p r o p e r t i e s  of pure f i b r o u s  potassium 
ti t ana t  e .  

FIBER PROPERTIES OF FIBROUS POTSSSIUM TITANATE 

Avg . diameter , microns 

Length a f t e r  d i spe r s ion ,  mm. 

Melting po in t ,  OF 

Theore t i ca l  dens i ty ,  g/cc 
o r  l b s . / cu .  f t .  

Calculated s p e c i f i c  h e a t ,  BTU/'F/lb. 

Hardness, Mohs 

Chemic a1 composition , Approximate 

1 

0.2 t o  0.5 

2500 

3.6 
225 

0.22 

4.0 

K2 Ti6 O13 

Since the  e f f e c t i v e n e s s  of t he  coa t ing  i s  g r e a t l y  dependent upon i t s  
r e f l e c t i v i t y ,  i t  must be prepared from r a w  materials t h a t  con ta in  very l i t t l e  
contamination. For t h i s  reason, t he  " T i p e r s u l "  was h e a t  t r e a t e d  a t  538OC 
(lOOO°F) f o r  4 hours t o  remove organic contaminants. , 

The form of "Tipersul" most s u i t a b l e  f o r  t he  coa t ing  f i l l e r  w a s  de t e r -  
mined by eva lua t ing  coa t ings  t h a t  contained the  block form and/or t h e  loose 
f i b e r s  form. A sol containing 30% c o l l o i d a l  s i l i ca  w a s  used as the  binder 
f o r  t h i s  study. 
and appl ied,  by t rowell ing t o  an expanded metal overlay,  spot-welded t o  a 
s t e e l  blank. The specimens were d r i e d  by exposing t h e  uncoated s i d e  t o  a 
bank of r a d i a n t  h e a t  lamps. Specimens prepared from t h e  block form only,  

The f i l l e r  and binder were mixed t o  t h e  des i r ed  consis tency 

ARefrasil - Tra& name of H. I. Thompson Fiber  Glass GO., 1723  Cordova 
S t . ,  Los Angeles 7 ,  C a l i f o r n i a  
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displayed s m a l l e r  and fewer cracks and showed less shrinkage than specimens 
prepared from t h e  loose  f i b e r s  form. Also, i t  w a s  determined t h a t  t h e  
form of "Tipersul" d i d  no t  appreciably a f f e c t  t h e  thermal i n s u l a t i n g  
c a p a b i l i t i e s  of t he  coa t ings  when exposed t o  a r a d i a n t  h e a t  f l u x  of 24 
BTU/ft2-sec. Consequently, t h e  block form w a s  chosen as t h e  source of 
"Tipersul" f i b r o u s  potassium t i t a n a t e .  

2 .  Binders 

Inorganic  binders  i nves t iga t ed  f o r  preparing coa t ings  with low 
cu r ing  temperatures include sodium s i l i c a t e ,  monoaluminum phosphate, 
"Baymal" c o l l o i d a l  alumina, and c o l l o i d a l  s i l i ca .  Each binder  w a s  used 
t o  prepare a set of specimens t h a t  contained "Tipersul" block as the f i l l e r .  
A l l  specimens were d r i e d  a t  93OC (200'F) i n  an e lectr ic  oven. After 
drying,  each set of specimens w a s  checked f o r  moisture r e s i s t a n c e  by 
immersing them f o r  3 hours i n  b o i l i n g  tap water having a pH of 7.3. 
only specimens t h a t  d i d  n o t  d i s i n t e g r a t e  during the  moisture  r e s i s t a n c e  
test  were those bonded with c o l l o i d a l  silica. 
w i t h  c o l l o i d a l  s i l ica  had a hard,  dense ou te r  l a y e r  formed by s i l i c a  
c o l l o i d s  t h a t  had migrated toward the  surface during t h e  drying process .  
The o u t e r  l a y e r  lends s t r e n g t h  and r i g i d i t y  t o  t h e  coat ing.  
p o r t i o n  of  t he  coa t ing  i s  much l i g h t e r  and serves as an e x c e l l e n t  thermal 
i n s u l a t o r .  For these  reasons,  c o l l o i d a l  s i l i c a  w a s  considered t h e  most 
attractive bonding agent f o r  "Tipersu1"-filled thermal i n s u l a t i o n s .  I n  
t h i s  i n v e s t i g a t i o n ,  'Zudox €E"*, a c o l l o i d a l  s i l i c a  s o l  t h a t  con ta ins  30% 
s o l i d s ,  w a s  used as t h e  binder .  

The 

Also, t h e  coa t ing  prepared 

The inne r  

3.  Inorganic  F ibe r  Additives 

Because t h e  block "Tipersu1"-filled coa t ings  cracked excessively 
during drying, i t  w a s  necessary t o  use  another inorganic  f i b e r  with l a r g e r  
and longer f i laments .  This a d d i t i v e  w a s  designed t o  decrease t h e  shrink- 
age, thus decreasing t h e  cracking. Both a sbes tos  and r e f r a c t o r y  g l a s s  
f i b e r s  w e r e  considered f o r  t h i s  addi t ion.  Both f i b e r s  w e r e  e f f e c t i v e  i n  
decreasing t h e  shrinkage; however, t h e  r e f r a c t o r y  g l a s s  f i b e r s  increased 
t h e  d e n s i t y  of t he  f i n i s h e d  material considerably.  Therefore,  a long 
f i b e r  asbestos* w a s  chosen as the addi t ive.  To i n s u r e  t h a t  t h e  a sbes tos  
f i b e r s  could be  worked through the openings of t h e  expanded metal, they 
were c u t  t o  approximately I.i inch lengths.  After determining t h e  e f f e c t s  
of a sbes tos  on t h e  s t r e n g t h  and i n f r a r e d  r e f l e c t i o n  of t h e  coa t ing  (both 
are discussed i n  t h e  r e s u l t s  and discussion s e c t i o n ) ,  i t  w a s  decided t o  
u s e  a 10% asbestos  f i b e r  add i t ion .  

* 'Zudox HS" - Trade name of E. I. &Pant deNemours Inc. ,  Wilmington 98, 
De laware  

** Asbestos - Number 1 Chryso t i l e  AAAA grade wi th  a maximum i r o n  con ten t  
of 1 . 3  percen t  by weight r epor t ed  as f e r r o u s  oxide (Fe0)- 
Asbestos Corporation of America, 31 North Ave., Garwood, 
New Je r sey .  
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Mixing 

The c u t  a sbes tos  f i b e r s  and "Tipersul" block-were blended i n t o  a 
uniform mixture with a Patterson-Kelly,  Double Cone Mixer. The coa t ing  
w a s  prepared by mixing the  batch materials i n  t h e  bowl of a Hobart Kitchen 
Aid Mixer. The amount of c o l l o i d a l  s i l i c a  sol added w a s  s u f f i c i e n t  t o  
g ive  a t rowellable  consis tency.  
thermal in su la t ion ,  i s  l i s t e d  i n  Table 11. 

The f i n a l  composition, designated M - 3 1  

TABLE I1 

BATCH COMPOSITION OF M-31 THERMAL INSULATION 

Material P a r t s  by Weight 

"Tip er su1" Block 90 

Cut Asbestos 10 

"Ludox HS" 420 

Application 

To apply M-31 i n s u l a t i o n  t o  m e t a l  a i r f rames,  i t  i s  necessary t o  
use  some type of  mechanical device f o r  bonding purposes. A r e c e n t  r e p o r t  
by Sklarew, Hauch, and Levy (Ref. l), on t h e  development of i n s u l a t i n g  
coa t ings  f o r  ram-jet app l i ca t ions ,  i nd ica t ed  t h a t  a metal mesh r e in fo rce -  
ment improved t h e  s t r u c t u r a l  s t a b i l i t y  of a ceramic i n s u l a t i n g  l a y e r .  
After  experimenting with va r ious  reinforcements,  t hese  i n v e s t i g a t o r s  
concluded t h a t  an expanded metal  gave the  b e s t  performance. It provides  
an exce l l en t  mechanical i n t e r l o c k  because i t s  s i d e s  are n o t  v e r t i c a l  bu t  
are se t  a t  an angle.  

For t h i s  i n v e s t i g a t i o n ,  the expanded metal was f a b r i c a t e d  from 
26-gage SAE 1015 s t e e l ,  having diamond shaped openings approximately % 
i nch  across the  longest  dimension and k inch ac ross  t h e  s h o r t e s t .  The 
o v e r a l l  thickness  of t h e  material was approximately 0,080 inch, and i t  
weighed about 0.27 pound p e r  square f o o t .  
t o  i t s  steel  s u b s t r a t e  by spot-welding. 
spot-welds, both the  expanded metal and i t s  s t e e l  s u b s t r a t e  were cleaned 
with an organic so lven t  before  t h e  spot-welding operat ion.  

The expanded m e t a l  w a s  a t tached 
To a s su re  t h e  b e s t  p o s s i b l e  

The M - 3 1  w a s  appl ied t o  i t s  subs t ruc tu re  by t rowe l l ing  and r o l l i n g .  
Care was exercised t o  i n s u r e  t h a t  a coa t ing  of uniform thickness  w a s  
appl ied and t h a t  i t  w a s  i n t e r locked  i n  the  expanded m e t a l  over lay.  
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Dryinq 

M-31 thermal i n s u l a t i o n  can be cured by simply removing the  water .  
This  can b e s t  be accomplished by uniformly hea t ing  t h e  coated panel. 
For t h i s  i n v e s t i g a t i o n ,  a bank of i n f r a red  h e a t  lamps w a s  used f o r  
drying the  M-31 as fol lows:  (1) t he  sur face  temperature of t he  uncoated 
s i d e  w a s  r a i s e d  from ambient t o  49OC (120'F) i n  1 hour and he ld  a t  t h i s  
temperature  f o r  4 hours;  (2) t he  su r face  temperature w a s  r a i s e d  from 49OC 
(12O0F) t o  82OC (1809) over a per iod  of 10 hours and he ld  a t  this  
temperature f o r  2 hours. 
(10OF). 
coa t ing  are shown i n  Figure 1. 

All temperatures were con t ro l l ed  wi th in  +6OC 
A t y p i c a l  drying curve and t h e  r e l a t e d  moisture content  of t h e  

The few drying cracks  t h a t  may form can be f i l l e d  e a s i l y  wi th  a 
g rou t  compounded f r o m ' l  p a r t ,  by weight, of h e a t  t r e a t e d  L538OC (lOOO°F) 
f o r  4 hours1 f ib rous  potassium t i t a n a t e  loose f i b e r s  and 6 p a r t s ,  by weight,  
of "Ludox HS" c o l l o i d a l  s i l i c a .  This grout has  been designated M-31-R. 

P r o t e c t i v e  Coating 

Because t h e  e f f e c t i v e n e s s  of M-31 i n s u l a t i o n  depends g r e a t l y  upon 
i t s  o p t i c a l  p r o p e r t i e s ,  a p r o t e c t i v e  coat ing w a s  requi red  t o  keep i t s  
ou t s ide  su r face  from being contaminated during assembly and o the r  handling 
opera t ions .  
The f i r s t  type cons i s t ed  of a p l a s t i c  s t r ippab le  coa t ing ,  appl ied over 
t h e  M-31, which could be removed p r i o r  t o  f l i g h t .  The second type w a s  
one t h a t  could be r e a d i l y  consumed by the hea t  absorbed from the  engine 
exhaust gases  without  leaving any res idue  t h a t  would o f f s e t  t he  o p t i c a l  
p r o p e r t i e s  of t h e  su r face  of t he  M-31. Since i t  w a s  no t  d e s i r a b l e  t o  
use  a coa t ing  t h a t  had t o  be s t r i p p e d ' p r i o r  t o  f l i g h t ,  t h e  second type 
of coa t ing  w a s  given primary emphasis. 
decided t o  use  n i t roce l lu lose*  f o r  preparing a coa t ing  t h a t  would burn 
of f  quickly.  The p a r t i c u l a r  n i t r o c e l l u l o s e  used contained 11.8 - 12.2% 
n i t rogen .  The n i t r o c e l l u l o s e  w a s  dissolved i n  s u f f i c i e n t  methyl-ethyl- 
ketone (MEK) t o  g ive  a zahn 83 v i s c o s i t y  of 22 p lus  o r  minus 2 seconds. 
The s o l u t i o n  w a s  then colored wi th  a dye cons i s t ing  of a sa tu ra t ed  
s o l u t i o n  of Janus Green** (Diazine Green) i n  e t h y l  a lcohol .  The purpose 
of t he  co lo r ing  agent i s  t o  inc rease  the  hea t  a b s o r p t i v i t y  of t h e  pro-  
t e c t i v e  coa t ing ,  thus  acce le ra t ing  burn-off. 

Two types of p r o t e c t i v e  coa t ings  were given cons idera t ion .  

After cons iderable  s tudy,  i t  w a s  

The n i t r o c e l l u l o s e  coa t ing  w a s  applied by brushing. Three app l i -  
ca t ions ,  each approximately 1.5 m i l s  d ry  th ickness ,  were r equ i r ed ,  Each 
app l i ca t ion  w a s  d r i ed  t ack - f r ee  before  the next  one w a s  appl ied.  The 
p r o t e c t i v e  coa t ing  has been designated M-31 C. 

* Ni t roce l lu lose  - Type HB14E manufactured by E. I. duPont deNemours and Co., 
Carney's Poin t  Works, Penns Grove, New Je r sey .  

** Janus Green - Nat iona l -Ani l ine  & Chemical Co., Inc . ,  New York, N. Y.  
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Although t h i s  p r o t e c t i v e  coa t ing  w i l l  burn o f f  quickly i n  t h e  presence 
of h e a t ,  t h e  flame r e a d i l y  ext inguishes  i t s e l f  when t h e  h e a t  i s  withdrawn. 

RESULTS AND DISCUSSION 

Engineering P r o p e r t i e s  

To evaluate  t h e  c a p a b i l i t i e s  of M - 3 1  thermal i n s u l a t i o n ,  i t  w a s  
necessary t o  make seve ra l  property determinat ions,  
were made on t h e  M - 3 1  ceramic material only un le s s  otherwise noted. 
P rope r t i e s  of engineering i n t e r e s t  t h a t  were determined are as follows: 
(1) bulk dens i ty  and water absorpt ion,  ( 2 )  hardness,  (3) moisture 
e f f e c t ,  (4 )  r e f r a c t o r i n e s s ,  (5) thermal-shock r e s i s t a n c e ,  ( 6 )  re- 
f l e c t a n c e  ( 7 )  emiss iv i ty ,  ( 8 )  s p e c i f i c  h e a t ,  ( 9 )  thermal conduc t iv i ty ,  
and (10) mechanical s t r eng th .  Also, t h e  e f f e c t s  of v i b r a t i o n  and f l exure ,  
and r ad ian t  heat ing were determined. 

These determinations 

1. Bulk Density and Water Absorption 

Bulk dens i ty  and water absorpt ion were determined by means of 
ASTM standard procedures f o r  r e f r a c t o r y  materials ( R e f .  3 ) .  These 
determinations were made on specimens of both inch and inch th i ck -  
nes ses  of M - 3 1  ma te r i a l .  

Resul ts  of t hese  determinations showed t h a t  t h e r e  w a s  no 
appreciable d i f f e r e n c e  i n  e i t h e r  t h e  bulk dens i ty  o r  water absorpt ion 
of t h e  two thicknesses  of M - 3 1 .  The average va lues  f o r  t h e  bulk dens i ty  
were 0.75- 0.80 grams per  cubic cent imeter  (46.8 - 49.9 pounds p e r  cubic  
f o o t ) ,  and t h e  water absorpt ion 75-77 percent .  

As reported i n  a previous sec t ion ,  s i l i c a  c o l l o i d s  migrate  
toward the su r face  of M - 3 1  during the  drying process .  The r e s u l t  of t h i s  
phenomenon i s  a dens i ty  g rad ien t  through the  thickness  of t h e  coat ing.  
To i l l u s t r a t e  t h i s  d e n s i t y  g rad ien t ,  t h e  d e n s i t i e s  of s e l e c t e d  l a y e r s  
of a specimen approximately h inch t h i c k  were determined as follows: 
(1) t h e  densi ty  of t h e  44 inch t h i c k  specimen w a s  determined, (2) a t h i n  
l a y e r  of t h e  ou te r  su r f ace  of t he  specimen w a s  removed by gr inding,  and 
the densi ty  of t he  removed material c a l c u l a t e d ,  and (3) s t e p  (2)  w a s  
repeated s e v e r a l  t i m e s  u n t i l  only a t h i n  l a y e r  of t h e  specimen remained. 
The resu l t s  are i l l u s t r a t e d  i n  Figure 2 .  

The i l l u s t r a t i o n  shows t h a t  t h e  d e n s i t y  of t he  specimen i s  h ighes t  
a t  t h e  f r o n t  f ace ,  lowest near t h e  middle po r t ion ,  and intermediate  near  
t h e  back face.  This i nd ica t ed  t h a t  e i t h e r  some of t h e  s i l i c a  c o l l o i d s  
d i d  n o t  migrate toward t h e  f r o n t  f a c e  during drying, bu t  remained i n  s i t u  
near  t he  back f a c e  of t h e  specimen, o r  t he  migrat ion occurred i n  both d i r e c t i o n s .  

The high dens i ty  of t he  ou te r  su r f ace  causes i t  t o  be s u f f i c i e n t l y  
hard to r e s i s t  a b l a t i o n  produced by high v e l o c i t y  exhaust gases .  
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2. Hardness 

Hardness measurements were made with a model 4 J R  Rockwell 
S u p e r f i c i a l  Hardness Tes te r  on t h e  outer l aye r  of M-31 coa t ings  t h a t  had 
been completely dr ied .  The measurements w e r e  made with a 60-kilogram 
load using a 1/8 inch diameter s t e e l  b a l l  (H-scale). The hardness of 
t he  ou te r  l aye r ,  which w a s  approximately 0.060 inch th i ck ,  was found t o  
be about H98. 

The ou te r  su r f ace  of f u l l y  dr ied M-31 i n s u l a t i o n  w a s  determined 
t o  have a Mohs hardness of about 6. 

3. Moisture Ef fec t  

The moisture e f f e c t  on d r i ed  M-31 i n s u l a t i o n  was determined by 
a boi l ing-water  test. The thicknesses-of  four  specimens of the coa t ing  
were measured t o  t h e  nea res t  0.0001 inch a t  se l ec t ed  spots .  
were then immersed f o r  3 hours i n  boi l ing  tap water having a pH of 7.3. 
Care was exerc ised  t o  insure  t h a t  t he  specimens d id  not  come i n  contac t  
with t h e  bottom of the  water conta iner .  
d r i e d  i n  an e l e c t r i c  drying oven. 
a t  t h e  same spo t s  a s  before .  The average th ickness  l o s s  was determined 
t o  be less than 0.12 percent .  
no t  appreciably a f f e c t  t he  s t a b i l i t y  of t h e  material. 

The specimens 

After  b o i l i n g ,  t he  specimens w e r e  
The thicknesses  w e r e  measured again 

This i nd ica t e s  t h a t  bo i l i ng  water does 

4. Ref rac tor iness  

An i n d i c a t i o n  of t h e  r e f r a c t o r i n e s s  of M-31 was obtained by 
preparing the  coa t ing  i n t o  bar  specimens and hea t ing  these  ba r s ,  which 
were supported a t  only one end, i n  an e l e c t r i c  furnace.  The furnace 
temperature w a s  r a i s e d  a t  approximately l l l ° C  (200OF) per  hour. 
change w a s  noted i n  t h e  pos i t i on  of the ba r s  up t o  87loC (1600OF). A t  
t h i s  temperature the  ba r s  had sof tened s u f f i c i e n t l y  t o  cause them t o  bend 
s l i g h t l y .  From t h i s  po in t  on, the  bars were removed from the  furnace 
a f t e r  each 56OC (100'F) temperature r i s e  and examined v i s u a l l y .  No o the r  
change i n  the  r e f r a c t o r i n e s s  of t he  coat ing w a s  noted u n t i l  t he  temperature 
reached 1204OC (2200'F). 
mel t ing of t he  inner  p a r t  of t he  c o a t i n g  had occurred. 
mel t ing of t h e  ou te r  l aye r  of t he  material up t o  a temperature of 1316OC 
(2400'F). The test  was terminated a t  t h i s  po in t .  

No 

A t  t h i s  temperature i t  w a s  no t iced  t h a t  some 
There w a s  no 

5. Thermal-Shock Resis tance 

The thermal-shock r e s i s t a n c e  of both expanded metal  r e in fo rced  
and unreinforced M-31 ma te r i a l ,  not bonded t o  a s u b s t r a t e ,  was determined. 
The t e s t  cons i s t ed  of i n s e r t i n g  specimens (0.25" X 3" X 3") i n  a hot  
furnace,  allowing them t o  remain u n t i l  they reached the  furnace temperature,  
removing and quenching the  specimens i n  w a t e r .  A f r e s h  set of t h ree  samples 
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I 6 .  Reflectance 

of both t h e  r e in fo rced  and unreinforced M-31 was subjected t o  t h i s  
t r e a t m e n t  at each temperature. 
538' ( lOOOo),  649' (1200°), 760' (1400°), 871' (1600°), and 982OC (1800°F). 

The temperatures used were 427' (800') , 

All specimens withstood t h e  co ld  shock when quenched from 871OC 

A t  t h i s  temperature,  t h e  unreinforced 
(1600'F) and below. 
when quenched from 982OC (1800'F). 
coa t ing  cracked badly. 
however, t h e  coa t ing  d id  no t  s epa ra t e  o r  p u l l  away from the expanded metal  
reinforcement. 

Both the  r e in fo rced  and unreinforced specimens f a i l e d  

The r e in fo rced  specimens a l s o  cracked badly; 

A Perkin-Elmer Model 1 1 2  double-pass, single-beam spectrophoto- 
m e t e r  equipped with a s p e c i a l  i n t e g r a t i n g  sphere w a s  used t o  measure the  
absolute  s p e c t r a l  r e f l e c t a n c e  i n  the  0.30-3.0 micron wavelength range. 
A Hanovia continuous spectrum hydrogen arc source w a s  used i n  the 0.30 - 
0.34 micron wavelength range; a tungsten lamp was used i n  t h e  0 . 3 4  - 0.85 
micron range; and a Globar source w a s  used i n  the  0.90 - 3.0 micron range. 
A standard IP-28 photomult ipl ier  tube was used as t h e  d e t e c t o r  i n  t h e  0.30 - 
0.85 micron range, and a lead s u l f i d e  c e l l  w a s  used i n  the 0.90 - 3.0 
micron range. e 

The abso lu te  s p e c t r a l  r e f l e c t a n c e  va lues  are given i n  Figure 3. 

7 .  Emissivi ty  

A modified Perkin - E l m e r  Model 2 1  I n f r a r e d  Spectrophotometer 
w a s  used t o  measure t h e  s p e c t r a l  emis s iv i ty  i n  the  wavelength region 
between 3 and 14 microns. The emiss iv i ty  furnace i s  mounted upon t h e  
spectrophotometer i n  such a manner t h a t  both t h e  furnace (black body 
r a d i a t o r )  and the sample can be monitored simultaneously by the  spec- 
trophotometer, An Inconel K Furnace heated t o  800°C (1472'F) maintained 
by three i n d i v i d u a l l y  c o n t r o l l e d  r e s i s t a n c e  h e a t e r s ,  i s  used t o  provide 
thermal r a d i a t i o n .  
so t h a t  t h e  sample forms an i n t e g r a l  p a r t  of t h e  furnace.  The m u l t i p l e  
r e f l e c t i o n  a r i s i n g  from t h e  furnace w a l l s  and sample a r e  brought t o  
focus upon the  monochromator entrance p a r t s  by a series of f ront-surfaced 
aluminum mi r ro r s  similar t o  t h e  method used by Reid and McAlister (kf .  
4 ) .  Because of t h e  r e l a t i o n :  

This furnace has a roof i n c l i n e d  a t  7' with an opening 

E 1 -R  

where 

E = Emissivi ty  
R = Reflectance,  

t h e  s p e c t r a l  emis s iv i ty  of a material can be determined by a p r a c t i c a l  
and highly accu ra t e  method. 
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The samples are placed i n  a water cooled j a c k e t  w i th  water 
impinging d i r e c t l y  on t h e  back f a c e  o f  the sample t o  c o n t r o l  t he  
temperature.  Var i a t ions  i n  t h e  sample temperature can cause se r ious  
e r r o r s  i n  t h e  emis s iv i ty  d a t a  obtained;  t he re fo re ,  sample temperatures 
must be  c o n t r o l l e d  wi th in  l0C (2OF). 

The s p e c t r a l  emis s iv i ty  values  are given i n  Figure 4 .  

8. S p e c i f i c  Heat 

S p e c i f i c  h e a t  determinations were made by t h e  method of m i x -  
t u r e s ,  using a water ca lo r ime te r ,  The calor imeter  w a s  c a l i b r a t e d  using 
pure e l e c t r o l y t i c  copper. 
(77-185'F) temperature range w a s  determined t o  be 0.31 BTU/lb/'F. 

The s p e c i f i c  heat  of M - 3 1  i n  t he  25-85OC 

9.  Thermal Conductivity 

The thermal conduct ivi ty  measurements of M - 3 1  were made by t h e  
Midwest Research I n s t i t u t e ,  Kansas City,  Missouri .  The r e s u l t s  are 
given i n  Figure 5. 

10. Mechanical Strength 

For convenience of t e s t i n g ,  a t r ansve r se  ( f lexure)  t e s t  w a s  
used f o r  determining t h e  mechanical s t r eng th  of M-31. The measurements 
were made on an I n s t r o n  Model TT-B t e n s i l e  t e s t i n g  machine. The t e s t  
specimens were 6 inches long, 1 inch wide, and % i nch  th i ck .  They 
were end supported on round ba r s ,  having a 7/16 inch r ad ius ,  and spaced 
5 inches a p a r t .  The load w a s  appl ied a t  t h e  c e n t e r  p o i n t  perpendicular  
t o  t h e  f r o n t  s i d e  of t h e  M - 3 1  specimens, un le s s  otherwise noted. 
crosshead (loading) speed w a s  0.05 inch p e r  minute. The depth and 

(modulus of rup tu re )  w a s  c a l c u l a t e d  by the formula: 

The 

k e a d t h  of t h e  specimens w e r e  taken a t  the,break.  The t r ansve r se  s t r e n g t h  

where M = Modulus of Rupture i n  Pounds Per Square Inch 
P = The Breaking Load i n  Pounds 
1 = Distance Between Supports i n  Inches 
B = Width of Specimen i n  Inches 
d = Depth of Specimen i n  Inches 

The e f f e c t  of water on t h e  mechanical s t r e n g t h  of M - 3 1  w a s  
determined by making s t r e n g t h  measurements on t h e  material after i t  had 
been subjected t o  one of t h e  fol lowin 
water f o r  100 hours,  (2)  soaked i n  75 F water f o r  100 hours and d r i e d ,  and 
(3) immersed i n  b o i l i n g  water f o r  3 hours and d r i ed .  

(1) soaked i n  75OF 8 treatments: 

. 
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To determine t h e  e f f e c t  of t he  dense ou te r  l a y e r ,  s t r e n g t h  
measurements were made by applying t h e  load from the  back s i d e  of t h e  
ma te r i a l .  

The r e s u l t s  of t he  s t r e n g t h  determinations are given i n  Table 
111. 

TABLE I11 

MODULUS OF RUPTURE OF M-31 

MATERIAL AND CONDITIONS MODULUS OF RUPTURE 
PSI 

M-31, A s  Prepared 475 

M-31, Soaked i n  Water f o r  100 Hours-Tested Wet 370 

M-31, Soaked i n  Water f o r  100 Hours and Dried 480 

M-31, Immersed i n  Boiling Water f o r  3 Hours 48 5 
and Dried 

M-31, Load Applied From Back Side 1,075 

Table I11 i n d i c a t e s  t h a t  M-31 i n  the  w e t  cond i t ion  i s  approx- 
i m a t e l y  22 pe rcen t  weaker than t h e  as-prepared material. However, water 
seems t o  have no e f f e c t  on the  s t r e n g t h  of t he  m a t e r i a l  provided i t  i s  
d r i ed  before being s t r e s s e d .  Also,  Table 111 shows t h a t  t h e  m a t e r i a l  
i s  approximately twice as s t rong when loaded from the  back s ide .  This 
r e s u l t  was expected s ince  t h i s  type of loading s u b j e c t s  t h e  dense o u t e r  
l aye r  of t he  material t o  t h e  g r e a t e s t  s t ress .  

Young's modulus (E) w a s  a l s o  determined f o r  M-31. The d a t a  
used for  c a l c u l a t i n g  Young's modulus were obtained simultaneously with 
the  data used f o r  c a l c u l a t i n g  t h e  modulus of rupture .  The r e s u l t s  are 
given i n  Table I V .  
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TABLE IV 

YOUNG'S MODULUS (E) OF M-31 

MATERIAL AND CONDITIONS YOUNG'S MODULUS (E) 
nc-r 

M-31, As Prepared 

M-31, Soaked i n  Water f o r  100 Hours-Tested Wet 

M-31, Soaked i n  Water f o r  100 Hours and Dried 

2.5 x 105 

2.0 x 105 

2.5 x 105 

M-31, Immersed i n  Boiling Water f o r  3 Hours and 
Dried 

2 . 7  X lo5 

M-31, Load Applied From Back Side 2.6 x 105 

VIBRATION AND FLEXURE 

A prel iminary M-31 type coat ing was  appl ied t o  a s tee l  h e a t  shie1.d 
panel  (30" X 54") and t e s t e d  on SA-T. It contained only "Tipersul" as 
t h e  f i l l e r .  
by spot-welding on approximately 6 i nch  c e n t e r s .  
w a s  app l i ed  above the  base m e t a l .  
from the  expanded m e t a l ,  because it d id  no t  have s u f f i c i e n t  s t r e n g t h  t o  
withstand the  v i b r a t i o n  and f l e x u r e  encountered during t e s t i n g .  
of t h i s  type had n o t  been experienced i n  t he  l abora to ry  even though 
v i b r a t i o n  w a s  included i n  the  tes t  conditions.  
t o  develop a coa t ing  wi th  g r e a t e r  s t rength.  Since asbestos  w a s  e f f e c t i v e  
i n  decreasing shrinkage, i t  w a s  decided t o  determine i t s  e f f e c t  on t h e  
s t r e n g t h  of such a coat ing.  Specimens containing 0 ,  5 ,  and 10 pe rcen t  
a sbes tos  f i b e r s  were prepared and applied t o  an expanded m e t a l  spot-  
welded t o  s tee l  blanks. Re la t ive ly  t h i n  steel blanks (0.038" X 6" X 11") 
were s e l e c t e d  so t h a t  t h e  specimens would f l e x  i n  t h e  v i b r a t i o n  t e s t .  

The panel w a s  f i r s t  overlaid wi th  an expanded m e t a l  a t t ached  
A 0.280" t h i c k  coa t ing  

This coat ing f a i l e d  by sepa ra t ing  

F a i l u r e  

A program w a s  i n i t i a t e d  

A program of v i b r a t i o n  and f l e x u r e  w a s  i n i t i a t e d  i n  which a l l  spec- 
imens were t e s t e d  t o  d e s t r u c t i o n  with increasing "g" loadings.  Specimens 
t h a t  d i d  n o t  con ta in  a sbes tos  f i b e r s  sometimes f a i l e d  wi th in  t h e  coa t ing  
i t s e l f .  Specimens containing e i t h e r  5 o r  10 percent  asbestos  always f a i l e d  
a t  t h e  spot-welds a t t ach ing  t h e  expanded m e t a l  t o  t h e  steel blanks.  
F a i l u r e  of specimens containing 10 percent asbestos  (M-31) g e n e r a l l y  
occurred a t  35 t o  50 g ( l / a  t o  inch de f l ec t ion  w i t h i n  t h e  11-inch 
l eng th  of t he  specimen). 
g load r equ i r ed  t o  cause f a i l u r e  of specimens containing only 5 pe rcen t  
asbestos .  One specimen of M-31 withstood 72 g f o r  15 seconds after 4 

This i s  approximately 25 pe rcen t  higher  than the  
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minutes a t  an average of 40g v i b r a t i o n .  
i n  water f o r  170 hours,  f a i l u r e  gene ra l ly  occurred a t  40g; however, one 
specimen withstood almost 9Og f o r  7 seconds a f t e r  2. minutes a t  40g. 
Generally the  d e f l e c t i o n  of t h e  w e t  samples w a s  g r e a t e r  than t h a t  of 
t he  dry specimens a t  the. same frequency because of t h e i r  g r e a t e r  weight. 
F a i l u r e  w a s  s t i l l  i n  t h e  spot-welds, n o t  i n  t h e  material. 

Of specimens t e s t e d  a f t e r  soaking 

RADIANT HEATING 

The r a d i a n t  hea t ing  tes t  apparatus  (Figure 6) cons i s t ed  o f :  (1) a 
lampholder; (2) a gold-electroplated-on-copper lamp re f l ec to r - -wa te r  
cooled; (3) a v i b r a t i n g  device; and (4) necessary accessory equipment. 
"he lampholder accommodates seventeen 1000 w a t t ,  220 v o l t ,  quar tz- tube 
i n f r a r e d  lamps. Unless otherwise noted, a l l  specimens were t e s t e d  a t  
a hea t  flux of 24 p l u s  o r  minus 1 . 2  BTU/ft2-sec while being v i b r a t e d  a t  l l g .  

To show t h e  e f f e c t s  of var ious "Tipersu1"-base coa t ings  as r e f l e c t -  
o r s  of r a d i a n t  energy, t he  following samples were prepared and t e s t e d :  
(1) a mild s t e e l  blank (0.080" X 6" X 11") without a coa t ing ,  ( 2 )  a coa t ing  
of 50 percent loose f i b e r s  "Tipersul" and 50 percent  block "Tipersul, I '  

(3) a coat ing of 100 percent  block "Tipersul," (4) a coa t ing  of 95 pe rcen t  
block "Tipersul" and 5 percent  asbestos  f i b e r s ,  and (5) a coa t ing  of 90 
pe/cent block "Tipersul" and 10 percent  a sbes tos  f i b e r s ,  M-31. 
samples were prepared i n  the  same manner as descr ibed earlier f o r  M-31, 
and the s u b s t r a t e s  were expanded metal overlays spot-welded t o  mild s t e e l  
blanks t h a t  were 0.080 inch th i ck ,  6 inches wide, and 11 inches long. A l l  - 
coat ings were approximately 0.320 inch th i ck .  A thermocouple w a s  spark- 
welded t o  the  back f a c e  of each specimen. The e f f e c t  of composition on 
the  performance of "Tipersul" as a r e f l e c t o r  of r a d i a n t  energy i s  
i l l u s t r a t e d  i n  Figure 7 where i t  i s  shown t h a t  t he  form of "Tipersul" 
has very l i t t l e  e f f e c t  on t h e  back f a c e  temperature r ise .  However, add i t ions  
of asbestos f i b e r s  d e f i n i t e l y  decrease t h e  e f f e c t i v e n e s s  of "Tipersul" as 
a r ad ian t  h e a t  r e f l e c t o r .  The i l l u s t r a t i o n  a l s o  shows the e f f e c t i v e n e s s  
of M-31 as a r a d i a n t  h e a t  r e f l e c t o r ;  t h e  temperature r i s e  f o r  t h e  f i r s t  
8 seconds of t e s t  was about 0.6OC (1OF) f o r  t he  M - 3 1  coa t ing  compared t o  
about 2 2 2 O C  (400OF) f o r  the mild s t e e l  blank, 

A l l  

Subsequent t o  these  tes ts ,  a l i m i t e d  number of t es t s  were made on t h e  
M-31 mate r i a l  a t  a p res su re  of approximately 2 mm Hg. It w a s  determined 
t h a t  a t  t h i s  p re s su re ,  and during exposure t o  heat ing r a t e s  g r e a t e r  than 
40 BTU/ft2-sec, an apparent chemical r e a c t i o n  occurred i n  t h e  m a t e r i a l  
causing a s i g n i f i c a n t  reduct ion i n  o p t i c a l  p r o p e r t i e s .  
proven a t  t h i s  wr i t i ng ,  i t  i s  theorized t h a t  t h e  potassium t i t a n a t e  
undergoes a chemical change with a r e s u l t a n t  change i n  o p t i c a l  p r o p e r t i e s .  
A s  a r e s u l t  of t hese  t e s t s ,  i t  i s  n o t  recommended t h a t  t he  M - 3 1  material 
be considered f o r  app l i ca t ions  when t h e  combined pressure-heat ing r a t e  

Although no t  
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environment equals  o r  exceeds those l i s t e d  above. Since i t  i s  bel ieved 
t h a t  p re s su re ,  heat ing r a t e  (temperature) and t i m e  a r e  v a r i a b l e s  which 
a f f e c t  t he  chemical r eac t ion ,  f u r t h e r  work i s  requi red  t o  def ine  the  
l i m i t a t i o n s  of the  ma te r i a l  under reduced pressure .  

The e f f e c t  of water on the  thermal performance of M-31 was determined. 
Specimens were prepared by applying M-31 t o  expanded m e t a l  over lays  spot -  
welded t o  blanks of mild steel t h a t  were 0.038 inch t h i c k ,  6 inches w i d e ,  
and 11 inches long. Some of the  specimens were soaked i n  water f o r  170 
hours which increased t h e i r  weight approximately 75 percent .  
w e t  and dry samples were exposed t o  r ad ian t  hea t ing .  
a r e  given i n  Figure 8,which shows t h a t  a f t e r  40 seconds of exposure, t he  
temperature of the  specimens containing water rose  r ap id ly  u n t i l  i t  
reached 100°C (212'F), the  bo i l ing  temperature of water. A t  t h i s  po in t ,  
t h e  temperature remained constant  f o r  the dura t ion  of the  tes t ,  thus ,  
i n d i c a t i n g  t h a t  a l l  of the  water had not  been removed. 
e r a t u r e  change of t h e  specimens containing water i s  a t t r i b u t e d  t o  t h e  high 
thermal conduct iv i ty  of water. After  145 seconds of exposure the  temp- 
e r a t u r e  r i s e  of t he  wet M - 3 1  w a s  only about 55 percent  of t h a t  of t h e  dry 
M-31. 
t he  i n s u l a t i o n  a t  one atmosphere pressure when exposed t o  a r a d i a n t  hea t  
f l u x  of 24 BTU/ft2-sec. 

Both the  
The r e s u l t s  obtained 

The rap id  temp- 

This  i n d i c a t e s  t h a t  water ac tua l ly  enhanced the  e f f ec t iveness  of 

The e f f e c t  of p r o t e c t i v e  coa t ings  on the  temperature r ise  of M-31 
w a s  s tud ied .  Specimens used f o r  t h i s  evaluat ion w e r e  4 inches wide  and 
6 inches long. The i n s u l a t i o n  (approximately 0.340 inch th i ck )  was appl ied 
t o  an expanded m e t a l  spot-welded t o  a s t e e l  blank t h a t  was 0.080 inch 
th i ck .  
The p r o t e c t i v e  coa t ings  were appl ied by brushing. Three coa t s  of e i t h e r  
t h e  n i t r o c e l l u l o s e  or  t he  BFC N r .  3253 Liquid Envelope* s t r i p p a b l e  
coa t ing  were appl ied t o  each sample. The r e s u l t s  a r e  shown i n  Figure 9.  

A thermocouple was spark-welded t o  t h e  back face  of each specimen. 

Both t h e  n i t r o c e l l u l o s e  and BFC N r .  3253 s t a r t e d  flaming a t  about 
5 seconds a f t e r  exposure and burned f o r  approximately 2 seconds. A t  
t h i s  p o i n t ,  the  coa t ings  charred leaving a carbon res idue  on the  su r face  
of t he  in su la t ion .  A t  about 18 seconds a f t e r  exposure, t h e  carbon 
r e s idue  on the  samples coated with n i t r o c e l l u l o s e  was completely burned 
o f f .  It took approximately 30 seconds to  burn of f  t he  carbon r e s idue  l e f t  
by t h e  BFC N r .  3253 coa t ing .  Because the carbon caused the  specimens 
t o  absorb hea t ,  t h e  temperature r i s e  was h ighes t  f o r  those specimens on 
which the  carbon remained the  longes t .  Therefore ,  n i t r o c e l l u l o s e  was 
more a t t r a c t i v e  a s  a p r o t e c t i v e  coa t ing  than t h e  BFC N r .  3253 s t r i p p a b l e  
coa t ing .  

E f f o r t s  t o  decrease the  burn-off time by adding s e l e c t e d  ox id ize r s  
t o  t h e  n i t r o c e l l u l o s e  p r o t e c t i v e  coat ing showed some promise; however, 
time d id  no t  permit a complete inves t iga t ion .  

* Bet t e r  F in ishes  and Coatings, Inc . ,  268-276 Doremus Avenue, Newark 5,  
New J e r s e y  
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CONCLUSIONS 

A new type of ceramic coat ing has  been developed i n  which "Tipersul" 
inorganic f i b e r s  are bonded with a c o l l o i d a l  s i l i c a  s o l .  
does not r e q u i r e  a high curing temperature;  drying a t  8 2 O C  (180'F) 
imparts s t a b i l i t y  t o  the  material  and provides  s a t i s f a c t o r y  moisture 
r e s i s t a n c e .  The coat ing,  a f t e r  drying, i s  a low d e n s i t y  m a t e r i a l  (46- 
50 lbs . /cu.  f t . )  t h a t  has  a hard,  dense o u t e r  l aye r .  The inne r  p o r t i o n  
i s  much l i g h t e r  and i s  an e x c e l l e n t  thermal i n s u l a t o r .  
d u c t i v i t y  i s  between 0.85 - 1.20 BTU/ft2-hr OF/in. i n  the 93 - 76OoC 
(200 - 1400'F) temperature range. The s p e c i f i c  h e a t  i s  approximately 
0.31 BTU/lb./OF i n  t h e  25 - 85OC (77 - 185OF) temperature range. 

The coa t ing  

The thermal con- 

A 0.320 inch thickness  of t he  coa t ing  w a s  n o t  a f f ec t ed  when exposed 
t o  a r ad ian t  h e a t  f l u x  of 24 BTU/ft2-sec f o r  145 seconds, and t h e  back 
f a c e  temperature r ise  of t h e  specimen w a s  only 109OC (228'F). 
enhanced t h e  e f f e c t i v e n e s s  of t he  i n s u l a t i o n  when exposed t o  a r a d i a n t  
h e a t  f l ux  of 24 BTU/ft2-sec., without i nc reas ing  t h e  s u s c e p t i b i l i t y  of 
t h e  coating t o  thermal shock. 

Water 

Additions of asbestos  f i b e r s  decreased t h e  shrinkage of t h e  coa t ing  
and increased t h e  s t r eng th .  Specimens containing asbestos  f i b e r s  with- 
stood high frequency v i b r a t i o n  up t o  72 g ' s  before  f a i l i n g .  
always occurred a t  t h e  spot-welds a t t a c h i n g  t h e  expanded metal  t o  the  
s tee l  blanks, and no t  w i th in  the  coa t ing .  

F a i l u r e  

The g r e a t e s t  promise f o r  t h i s  new coa t ing  i s  probably i t s  use  as an 
i n s u l a t o r  f o r  p r o t e c t i n g  airframes a g a i n s t  r a d i a n t  h e a t .  I t s  abso lu t e  
s p e c t r a l  r e f l e c t a n c e  l i es  between 80-90 pe rcen t  i n  the  0.40 - 1.90 micron 
wavelength range, and i t s  s p e c t r a l  emis s iv i ty  i s  between 0.60 - 0.66 a t  
321°K (578'R) i n  t h e  5 - 13 micron wavelength range. 
recognized t h a t  c o l l o i d a l  s i l i c a  bonded "Tipersul" has l i m i t a t i o n s ,  w i th  
r e spec t  t o  reduced p res su re  app l i ca t ions ,  i t  i s  concluded t h a t  by proper 
app l i ca t ion  t h i s  material can be u t i l i z e d  where many other  materials 
might not withstand environmental cond i t ions .  

Although i t  i s  
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